RADIOACTIVITY Predictions of total half-lives and decay probabilities to individual daughter states of the isotopes of 0, F, Ne, Na, Mg, Al, Si, and P which have neutron excesses of five and greater; shell-model calculations, complete Od 5/2-1s l/2-Od 3/2 basis space, empirical sd-shell Hamiltonian.
I. INTRODUCTION The spectroscopy of very-neutron-rich light nuclei adds a new dimension to our understanding of nuclear structure since these systems are constructed from combinations of neutrons and protons which necessarily have symmetries different from those studied in the stable and near-stable systems whose features are the foundation of our present knowledge. The last decade has witnessed significant advances in the experimental capabilities for both the production of far-from-stability nuclei and the measurement of their properties. ' The continuing development of heavy-ion accelerators and associated particle-analysis systems presage still further progress in this field of study, ' and it is reasonable to hope that by these developments the domain of nuclear spectroscopy can be significantly expanded. W'e present in this study predictions of the Gamow-Teller (GT) beta-decay properties of the sd-shell nuclei which have neutron excesses of five and greater. The creation of such nuclei and the measurements of their decays are at the frontier of current activities in this field.
Simply as a guide to the selection of experiments with which to study beta-unstable isotopes of unknown properties and as an aid to the design of the requisite experimental techniques, it is valuable to have realistic estimates of half-lives and decay patterns. This practical need provides one rationale for the present calculations of these quantities. The more fundamental role of these predictions will develop, however, as data become available against which they can be thoroughly compared. The shell-model wave functions from which they derive" are generated in a scheme which requires that the degrees of freedom of the complete Od 5/2-1s l/2 Od 3/2 shell-model space yield a least-squares fit of Hamiltonian eigenvalues to the experimental energies of low-lying levels of known spin and isospin. The vast preponderance of these levels are taken from nuclei which have nearly equal numbers of neutrons and protons.
Beyond the limitation to the sd-shell model space, the theory used to obtain the present predictions has imposed upon it the constraint of a Hamiltonian which conserves isospin, which is limited to one-and two-body interactions, and which has, more specifically, a fixed one-body spectrum and a single set of two-body matrix elements which are scaled for application to a given 3 value by the factor (18/A) . Comparisons between predictions and experiment for systems lying outside the domain of data from which the Hamiltonian was determined provide crucial tests of the ultimate utility of this type of theoretical formulation. These tests concern first the adequacy of the model-space assumption for systems with large neutron excesses and then the appropriateness of the Hamiltonian specification when it is used for systems quite different from those with whose energy levels it was fixed to agree.
A final goal of this study is to advance our knowledge of effective properties of nucleons in nuclei. Analysis of Gamow-Teller beta-decay data from near-stable nuclei with the corresponding members of the present family of wave functions suggests that the experimentally observed strengths are only 60% as large, on the average, as are the strengths generated from the model wave functions by the cr~operator normalized to agree with the free neutron half-life and 0+ to 0+ Fermi decay rates. ' This result is consistent with a sequence of related earlier investigations. ' ' Incorporation of data from the decay of more neutron-rich systems provides not just an expansion of the data base for such studies but, more importantly, opportunities to isolate in relative purity specific one-body transition terms which either do not occur with significant in- The total half-lives of the sd-shell neutron-rich nuclei which are predicted by our calculations are presented in Table III and Fig. 1 , along with available experimental data. The total half-lives of Table III are calculated according to the formula (T)g2) '= g (t')g2)
where the partial half-lives are calculated from the B(GT)'~and the f factors as presented in Table IV 
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Na (2) a (1) Na (2) Na (2) 'Na ( -) members of the 0, F, and Ne chains, have half-lives of the order of a millisecond. As a rough average, the half-life decreases by a factor of 5+2 for each increase in the neutron excess, the decrease being less rapid at the largest values. From Fig. 2 , which displays the calculated Q values for each Tz group plotted in the same arrangement as that used in Fig. 1 for the plot of the half-lives, we can see that these trends of half-lives with neutron excess, as well as a significant amount of the local variations within a Tz group, are correlated with the phase-space factors.
Total half-lives have been measured for all of the nuclei in the Tz ----, ' group. We see from Table III measured. In the Tz ----, , -4, --, , and -5 groups, measured values are reported only for the three remaining Na isotopes and 'Mg. The Na prediction and experiment are in good agreement with each other, but the predictions for Na and 'Na are too short by a factor of 2 to 3. Finally, the most significant discrepancy between experiment and theory for any of the nuclei studied, indeed the only glaring disagreement, is found in 'Mg, for which the predicted half-life is a factor of 10 shorter than that experimentally quoted.
B. Branching percentages to the daughter states
The detailed distributions of Gamow-Teller strength among the energetically accessible states of the daughter "%%uo"; =100(T)gz/t )gz) . (18) We have assumed that the states listed in Table IV comprise all those that are appreciably populated in the decays. While in the cases of the largest Q values more states than listed are energetically accessible, the phasespace factors are such as to render their contributions negligible. As alluded to above, the shell-model calculations" predict incorrect orderings of the ground-state doublets in ' Na and Mg and a several hundred keV inversion of the ground and first excited states in 'Na. This is nuclei yield information about the nuclear structure of the systems involved which can be much more revealing than the total half-life values. This is because the total halflives are so strongly affected by the Q values and usually result from a sum over several competing branches. The predictions and measurements for individual transitions between parent and daughter states are presented in Table   IV . In this table we give the energies calculated for the states in the daughter nuclei whose population is allowed by the GT selection rule, the experimental values for these excitations where they are known, the f values calculated with the Coulomb-corrected energies from the shell-model calculation, the B(GT)'~values as calculated with the free-nucleon SJJ', and the percentages of the total decay which go to each daughter state, as calculated alternatively with the pure SM and SM + emp f factors and as quoted experimentally.
We also note at the bottoms of the energy columns the calculated and, where available, experimental values of the neutron-emission thresholds in the daughter systems. States above these energies which are populated in beta decay would not show up in subsequent gamma-ray spectra.
The branching percentages of Table IV In quoting the experimental results for the branching percentages we do not, in keeping with the summary presentations in the original publications, attempt to assign uncertainties.
Statistical uncertainties alone range from small to quite significant among the various data, but uncertainties from correlation effects and systematic errors are often the dominant factors in limiting the accuracy of the quoted numbers. In many instances the experimental technique does not produce a value for the ground-state branch. In these instances we adopt a scale for the relative fractions of the measured branches to the excited states such that the sum of these fractions is equal to the corresponding sum predicted for the excited states.
In this and the following paragraphs we review some of the salient results presented in Table IV should be feasible. Such data, along with more detailed measurements on Na with which to compare our predictions of the branching pattern (see Table IV and Fig. 6 ), should go far towards clarifying whether the currently known anomalies are to be associated with %=19 and 20 in particular, or with large neutron excesses in general.
In summary, we have seen that the juxtaposition of the present generation of nuclear structure predictions for neutron-rich sd-shell nuclei with the relatively sparse body of data serves to validate, within limits, the general assumptions and specific parameters of the shell model as formulated to reproduce systems near to X=Z. This limited validation highlights, in turn, the few sharp discrepancies between existing data and these predictions.
It is reasonable to hope that continued experimental progress against the background of realistic theoretical expectations will result in the quantitative explication of the present anomalies, if not in the unambiguous discovery of additional ones. We conclude with the observation that the currently available evidence vividly illustrates the fundamental interest of studies of very-neutron-rich nuclei in this region.
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